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Phase Transition

Fig. 3
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QUANTITATIVE CALORIMETRY SIGNAL
FOR SUB-MICRON SCALE THERMAL
ANALYSIS

This application claims priority to U.S. provisional appli-
cation Ser. No. 60/799,707, filed May 11, 2006.

FEDERALLY SPONSORED
RESEARCH/SEQUENCE LISTING

Not Applicable

BACKGROUND OF THE INVENTION

This invention relates to quantitative calorimetry for high
resolution thermal analysis using probe based technology.
For the purposes of clarity of this application, the reduction to
practice has been explained using a Scanning Probe Micro-
scope (SPM) but the technique described herein can be prac-
ticed with any device that can provide precise control of X, Y
and 7 motion of the probe, such as, by way of example, a
micromanipulator.

The family of thermal analysis techniques, collectively
called micro-thermal analysis (micro-TA), has been 1n exist-
ence for nearly a decade now. Micro-TA methods are based on
a scanning probe microscope 1n which the conventional pas-
stve probe, typically a cantilever arm with integral tip, 1s
enhanced, typically by adding the capabilities to measure
temperature and be resistively heated. This type of SPM 1s
called scanning thermal microscopy SThM, and specifically
in this application, SThM 1n which the probe 1s actively
heated rather than the sample. This form of microscopy
allows thermal properties such as thermal conductivity and
diffusivity to be mapped on a sub-micron scale. The heated
probe will cause highly localized surface effects due to tem-
perature. Used with an SPM, which 1s extremely sensitive to
height variations, measured by changes in the deflection of
the cantilever probe, heating the surface will cause cantilever
deflections due to local thermal expansion, material soften-
ing, or both. Additionally, the amount of power fed to the
heater and the resistance of the heater can be plotted indepen-
dently or compared to the changes 1n cantilever deflection.
Also, the power fed to two probes, one on the sample surface
and one away from the sample surface can be compared to
create a differential signal. The differential signal 1s used
either to produce localized analysis plots versus temperature
that provide temperature dependent information at a specific
position on the sample, or to construct an 1mage whose con-
trasts represent variations in thermal conductivity and/or dii-
fusivity across a scanned area.

Measurements as described above have been accomplished
to map temperature dependent material properties on a scale
smaller than achieved by conventional bulk thermal analysis
techniques. However, to date scanning thermal microscopy
has been used only to make qualitative measurements in
terms of enthalpies associated with transitions. The SThM
technique as practiced currently does not allow quantitative
measurements ol the enthalpies. The lack of quantitative
information 1s due to the fact that the tip interaction with the
surface from a heating standpoint has several inherently
undefined parameters. In particular, 1t 1s difficult to know how
much of the sample’s volume 1s heated, how uniformly 1s the
heated volume atfected, and what 1s the area available for heat
flow from the tip to surface. Also, because of the force
between the tip and sample as the material undergoes phase
transitions the contact area can change. All of these factors
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contribute to the fact that heat flow from the tip 1nto the bulk
of the sample 1s not well-defined.

SThM has proven useful, for imnstance, to, on a sub-micron
scale, detect areas of different material 1n a material blend and
determine the transition temperatures of the different mater-
als. However since SThM does not measure enthalpy 1t does
not on any scale provide the type of data available on bulk
analysis systems such as the Differential Scanning Calorim-
etry (DSC) system. In a DSC system, the temperature can be
calibrated by running melting standards but also the enthalpy
can be calibrated. This can be done by measuring samples
with known heats of fusion or known heat capacities. Typi-
cally calibrating the heat capacity 1s done using Sapphire
samples, but 1n any case the calibration requires knowing the
mass of the material heated, which 1n a bulk analysis system
1s always the case since a known (relatively large) quantity of
material 1s subjected to a uniform heating. Again because of
the lack of knowledge of the quantity of material affected by
the SThM 1t has not been possible to date to quantitatively
determine the enthalpy absorbed by the sample or eg the
enthalpy of fusion. Following are a few examples of applica-
tions 1n which 1t 1s beneficial to have quantitative measure-
ments of the enthalpy as demonstrated by using traditional
DSC techniques. Probably the commonest use of the DSC
curve 1s 1 “fingerprinting”’, 1 which simple or complex
materials can be compared for identification, or quality con-
trol purposes, using measurements of thermal transition peak
positions, sizes, or shapes as appropriate. The temperature at
which peaks occur can lead to an 1dentification of a particular
component, and the size (usually the area, though the height
1s sometimes used) can give a measure of the amount of that
component. Examples include the determination of quartz 1n
clays, which 1s difficult by other methods, and the analysis of
polymer blends. Analysis of the form of the fusion peak of a
fairly pure (>98%) substance can, with certain restrictions,
lead to a determination of its purity. This approach 1s used
routinely with pharmaceuticals and fine chemicals 1n general.
All of the above techniques would be of great utility 1t avail-
able on the resolution scale possible with SThM, such as for
characterization and analysis of polymer or biological mate-

rials on the molecular scale. Therefore it 1s the object of this
invention to provide quantitative thermal analysis techniques

applicable to SThM.

SUMMARY OF THE INVENTION

The mvention 1s a method and a system for producing
quantitattve highly localized calorimetry data on a sample
surface. The preferred embodiments require system elements
including a restively heated probe, a power source for the
resistive heater on the probe, such that both the power to the
probe can be varied and the resistance of the probe heater can
be monitored, and a programmable control system adapted to
position the probe, control the power source, and monitor the
probe resistance. In some embodiments the system includes a
program application, running on the programmable control-
ler, or 1n others the mvention may be manually operated. In
either case the application or manual sequence consists of the
following elements:

perform a baseline temperature/power measurement for
the probe 1n a clean condition away from the surface,

nano-sample the surface at a selected location either using
a temperature program on the probe or by picking up a
particle which adheres to the probe upon contact,

determine the mass of the adhered sample
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perform a temperature/power measurement for the probe
with adhered sample away from the surface, and subtract
the baseline data from the sample data.

In some versions of the invention, the system elements are
formed 1n part from an SPM, and the program application 1s
turther adapted to scan the sample surface 1n an SPM 1imaging
mode to determine the locations to perform thermal analysis.

In some versions the resonant frequency of the probe 1s
measured 1n the clean condition and re-measured with
adhered sample, such that the mass of the adhered sample can
be calculated. In other versions the probe 1s cleaned by heat-
ing suiliciently to remove material adhered to probe. And 1n
turther versions temperature modulation of the probe with
adhered sample 1s done to determine sample heat capacity
and/or thermal resistance between sample and probe.

BRIEF DESCRIPTION OF THE DRAWINGS

The mvention will be better understood by referring to the
following figures.

FI1G. 1 1llustrates a thermal probe cantilever as configured
to perform the techniques of the invention.

FIG. 2 shows the cantilever with a portion of the sample
adhered to the probe tip.

FIG. 3 shows a simplified illustration of a material phase
transition measured with the probe of FIG. 2.

FI1G. 4 illustrates a technique to measure the mass of the
material adhered to the probe tip.

FIG. 5 shows some actual corrected differential transition
data from a nano-sampled specimen.

DETAILED DESCRIPTION OF THE INVENTION

It 1s assumed that one skilled in the art 1s familiar with the
operation of a scanning probe microscope, and 1n particular,
an atomic force microscope with a cantilever type probe.
Such a microscope 1s the foundation for SThM. In the follow-
ing description concepts such as scanning, imaging, and
probe-sample interaction will be used with meanings known
in the field of scanning probe microscopy, and only features
pertinent to the novel techniques of the mvention will be
described 1n detail. It 1s also understood that most SPM’s
include a programmable control system allowing for a wide
range of scanning, probe positioning, and detlection measure-
ments which may be optimized for a particular application.

FIG. 1 shows a cantilever probe at 1. Only the probe 1s
shown, and the scanning, deflection detection and other func-
tional parts of the SThM are assumed. The probe has a heating,
resistive element 2. The probe with heater may be a bent wire
type of probe known in the thermal microscope art, a micro-
tabricated probe with integral heater, or any other probe suit-
able for use in a SThM. The resistive heater 2 1s disposed 1n
such a way as to heat the part of the cantilever in contact with
the surface, typically a sharp tip but in this application the
probe end may also be a variety of forms that allow material
to be picked up onto the probe. The heater 1s connected to a
circuit which applies a controlled voltage and current to the
heater. The power source 3 1s typically an external device
wired to connect to the heater element on the probe 1n a
tashion compatible with interchangeable probes.

Power source 3 1s preferentially controllable to the extent
that a variety of power wavelforms may be applied to the
heater to accomplish different types of thermal analysis. A
particularly useful form of analysis 1s called Differential
Thermal Analysis, or DTA. In, DTA, the probe is positioned
at a point on a sample surface, and heating profiles are applied
to the probe-sample interface by applying suitable power
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wavelorms to the heater. Typically for SThM, the power
drawn 1s monitored 4, and the resistance of the heater, which
will vary with heater temperature 1s also monitored 5. As
shown 1n FIG. 3, the temperature of the heater 1s 1increased,
which 1s inferred by monitoring heater resistance, and the
power applied to the heater 1s kept at an appropnate level to
maintain a desired heater temperature profile, typically a
ramp increase 1n temperature 1s used. At the point of a phase
transition of the surface maternial, the power drawn by the
heater changes as a peak as shown in the figure, which would
typically characterize a melting transition. Alternatively,
there can be a step change or a linear increase in heat capacity
for other transitions such as a Glass transition (T'g). Thus the
heater, combined with a programmable power source, resis-
tance and power monitoring capability, 1s capable of provid-
ing both the heating and measurement of the transition tem-
perature 1n an area local to the probe. Usually a differential
signal 1s produced by performing the same sequence of steps
simultaneously with another probe which 1s not in contact
with a sample or sequentially by using the same probe on a
different sample or not in contact with a sample and subtract-
ing the resultant curves (or a combination of these two). The
temperature at which the phase transition occurs 1s dependent
on the maternal properties of the material heated. Thus the
above technique allows for the transition temperature to be
measured for a very small area when using an SThM tip as the
heater, resulting 1n very high spatial resolution for material
differentiation.

However, to 1dentily the material and the properties of the
material 1t 1s useful to know not only the position of transi-
tions (start, end and peak) but also the s1ze, which 1s related to
the enthalpy of the process or transition, and the shape, which
can be related to the kinetics of the process. In order for these
aspects of the peak to be quantified in a repeatable way 1t 1s
important that the quantity of the material undergoing the
phase transition must be known. In bulk analyzers surface
area ol contact between heater and material 1s known to
quantity heat tlow, but alternatively knowing the heating uni-
formity of a sample from some other means could serve as
well. Bulk Thermal analyzers carefully control these param-
cters and are thereby able to provide quantitative material
information. Micro-TA to date 1s limited to measurements of
transition temperatures as opposed to quantitative measure-
ment of enthalpy.

A technique called nano-sampling for use 1n SThM can be
applied to this problem. As illustrated in FIG. 2, a portion of
the sample surface 6 1s removed from the surface by adhering
the portion 6 to the probe. This can be accomplished by
applying an approprate temperature program (eg pulse, lin-
car ramp etc) to the heater which results in removal of some
material, part of which sticks to the tip when the tip cools after
the adhering step. Alternatively a combination of vertical and
or lateral motion of the tip can be performed while the tip and
sample are 1 a heated state, to scoop up a portion of the
sample, and then the probe 1s retracted from the sample sur-
face and allowed to cool. The technique can also be used to
pick up whole individual particles resting on a surface as
opposed to part of the surface. To date this process, called
nano-sampling, has been used to remove small controlled
pieces of a surface, resulting 1n high spatial resolution sam-
pling, and delivering the pieces, 1n various ways, to an exter-
nal chemical analyzer, such as a chromatograph. But the goal
ol this application 1s to use nano-sampling to measure enthal-
pies associated with transitions and thus enable, for the first
time, quantitative calorimetry using only an SThM (and more
generally, any device that can control the motion of a probe
very precisely in X, Y and 7 axes). FIG. 5 shows some data
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obtained by picking up particulate material onto the probe,
ramping the voltage applied to the probe and measuring the
resistance of the probe. This data has been further processed
to make a differential measurement by subtracting a baseline
with no material on the probe and also integrated. The size of
the peak 1n these plots then correlates to the enthalpy of the
melting transition in this material.

Most commercial SThM’s are based on AFM’s which
include the ability to vibrate the cantilever probe, and monitor
the vibration using the probe deflection signal. The resonant
frequency of the probe can also be determined without vibrat-
ing the cantilever by use of the “thermal noise method”. This
method uses spectrum analysis to 1dentily the fundamental
resonance of the cantilever due to the thermal motion of the
cantilever at 1ts resonance. As shown in FIG. 4, the resonant
frequency of the cantilever may be measured before and after
a nano-sampling operation. Since the cantilever 1s of a known
physical configuration, the change in resonant frequency due
to mass of the nano-sample allows the mass of the adhered
nano-sample to be calculated. This 1s one techmique used in
the SPM field to determine the mass of a particle attached to
the tip. There are other methods that have been developed for
mass detection of a tip/particle. For large particles measuring,
the deflection change of the cantilever due to the gravitational
force on the cantilever 1s a technique known to those skilled 1n
the art. The thermal analysis process described above can be
performed by causing material to adhere to the tip, pulling the
tip away from the surface with the nano-sample adhered, and
measuring the heat flow into the sample by ramping the
temperature of the tip and adhered sample while monitoring,
the power or resistance of the probe as compared with another
probe that has no attached material or by subsequent mea-
surement using the same probe with no matenal attached. (or
a combination). Furthermore, the small size of the nano-
sample means 1t 1s a reasonable assumption to make that the
nano-sample 1s heated uniformly, and to a good approxima-
tion, all of it undergoes the phase transition at the same time.
Also, since the probe 1s not pushing against the material on a
surface, the heat does not flow 1nto the bulk of the sample 1n
an 1ll-defined way. Thus the important unknowns in performs-
ing the measurement on the surface are eliminated by per-
forming the measurement on a removed sample.

Furthermore, the use of temperature modulation can be
advantageous. In a non-transition temperature region, an AC
measurement can be used to measure the total heat capacity of
the sample and this measurement can be used to calibrate the
DC measurement of heat capacity. Temperature modulation
can also be used to measure the thermal resistance between
the probe and the nano-sample which 1n turn 1s related to the
contact area. By performing modulation at multiple frequen-
cies simultaneously or sequentially, both the heat capacity of
a nano-sample and the thermal resistance between the tip and
the nano-sample can be determined by numerical or other
fitting procedures based on models well known to those
skilled 1n the art of using modulated temperature differential
scanning calorimetry.

Thus the following process 1s given as an example of prac-
ticing the mvention to achieve quanfitative calorimetry of
transition:

1. Scan a sample surface 1n imaging mode to determine places
to perform thermal analysis. (optional step)

2. Clean cantilever by heating suificiently to remove material
adhered to probe. (optional step)

3. Measure resonant frequency of clean probe. (optional step)
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4. Perform a baseline temperature/power measurement for
the probe away from the surface.

5. Nano-sample surface at a selected location either using a
temperature program on the probe or by picking up the par-
ticle which may simply adhere to the probe upon contact.

6. Calculate quantity of sample (Could do 1t via determining,
resonant frequency ol probe/with adhered sample or other
techniques)

7. Use temperature modulation to determine sample heat
capacity and or thermal resistance between sample and probe
(optional step)

8. Perform temperature/power measurement and subtract
baseline
Thus techniques have been shown which produce high
spatial resolution, quantitative calorimetry resulting 1n con-
venient, inexpensive, fast material characterization. As 1ndi-
cated earlier this technique can be practiced with any device
that can control the probe motion accurately in X, Y and Z
axes and the SPM 1s indicated in this application as an
example of such a device. While the description here 1s of one
probe being used, the technique can be practiced with more
than one probe (or an array of probes) operating either in
series or 1n parallel.
We claim:
1. A system for producing quantitative highly localized
calorimetry data on a sample surface, comprising;
a restively heated probe,
a power source for the resistive heater on the probe,
wherein both the power to the probe 1s variable and the
resistance of the probe heater 1s monitored,
a programmable control system adapted to position the
probe, control the power source, and monitor the probe
resistance; and,
a program application, running on the programmable con-
troller, adapted to;
perform a baseline temperature/power measurement for
the probe 1n a clean condition away from the surface,
nano-sample the surface at a selected location either
using a temperature program on the probe or by pick-
ing up a particle which adheres to the probe upon
contact,

determine the mass of the adhered sample; and

perform a temperature/power measurement for the
probe with adhered sample away from the surface,
and subtract the baseline data from the sample data.

2. The system of claim 1 wherein the system elements are
formed 1n part from an SPM, and the program application 1s
turther adapted to scan the sample surface 1n an SPM 1imaging
mode to determine the locations to perform thermal analysis.

3. The system of claim 1 wherein the program application
determines the mass of the sample by being further adapted to
measure the resonant frequency of the probe in the clean
condition and re-measure the resonant frequency of probe
with adhered sample, such that the mass of the adhered
sample can be calculated.

4. The system of claim 1 wherein the program application
1s Turther adapted to clean the probe by heating suificiently to
remove material adhered to probe.

5. The system of claim 1 wherein the program application
1s Turther adapted to perform temperature modulation of the
probe with adhered sample to determine sample heat capacity
and/or thermal resistance between sample and probe.

6. A method for producing quantitative highly localized
calorimetry data on a sample surface using a system which
includes a restively heated probe, a power source for the
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resistive heater on the probe, wherein both the power to the
probe 1s variable and the resistance of the probe heater 1s
monitored, and a control system adapted to position the
probe, control the power source, and monitor the probe resis-
tance, comprising;
performing a baseline temperature/power measurement for
the probe 1n a clean condition away from the surface,

nano-sampling the surface at a selected location either
using a temperature program on the probe or by picking
up a particle which adheres to the probe upon contact,
determining the mass of the sample; and,

performing a temperature/power measurement for the

probe with adhered sample away from the surface, and
subtracting the baseline data from the sample data.

7. The method of claim 6 wherein the system elements are
formed 1n part from an SPM, further comprising scanning the
sample surface 1n an SPM 1maging mode to determine the
locations to perform thermal analysis.
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8. The method of claim 6 where the mass determining step
COmMprises;
measuring the resonant frequency of the probe in the clean
condition,

re-measuring the resonant frequency ol probe with adhered
sample, and;

calculating the mass of the adhered sample from the shift of
the resonant frequency of the probe.

9. The method of claim 6 further comprising cleaning the
probe by heating the probe sufficiently to remove material
adhered to probe.

10. The method of claim 6 further comprising performing
temperature modulation of the probe with adhered sample to
determine sample heat capacity and/or thermal resistance
between sample and probe.
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